Introduction
Many studies have shown the key role played by the mammalian amygdaloid circuits in aversive memory, and most of them have considered the participation of the rodent amygdala in fear conditioning (1) (2) (3) . The amygdaloid nuclei are also involved in the processing of emotionally significant sensory stimuli in a social context, as is evidenced by lesion studies with different animals such as reptiles, rodents and nonhuman primates (4, 5) .
In birds, the arcopallium includes several neuronal populations that are considered to be homologous to the regions that constitute the mammalian amygdala. The nucleus taeniae of the amygdala (TnA) and the subpallial amygdaloid nuclei are considered to be comparable to the mammalian medial amygdala (6, 7) . This nomenclature has been proposed recently by Reiner et al. (8) based on neurochemical, hodological and behavioral data. The physiology of the TnA has several features that support this similarity (7) and that are confirmed by anatomical and chemical findings (6, 9) . Also, the behavioral consequences of TnA lesions in pigeons are consistent with the generally accepted role of the amygdala in learning, social behavior and in affective states (7, 10) , but several aspects of the functional organization of the TnA still remain unclear.
Studies that analyze molecular mechanisms underlying the amygdala-dependent learning and memory processes indicate that immediate-early gene expression [e.g., c-fos and zif268 (zenk)] is increased in the nuclei of the amygdala following fear conditioning (3, 11) . In fact, different studies on mammals as well as birds have shown that analysis of the activation of zenk expression and of its protein product, Zenk, has contributed important evidence of the neural activation accompanying behavior and molecular mechanisms underlying learning and memory (11, 12) . In the present study, the expression of Zenk protein was evaluated in the TnA of the pigeon following training with classical tone-shock conditioning. 
Material and Methods
Adult male pigeons (Columba livia) aged 18 months, weighing on average 350 g, were used in the present study. As previously described (11), electrodes were chronically implanted around the pubic bone of all animals and a flexible cable for shock delivery was connected to a plug. The animals were divided into five groups and the experimental sessions were initiated after adaptation of the pigeon to the experimental conditions. Experimental pigeons (EG; N = 6) received three tone (1000 Hz, 85 dB, 1 s) and shock (10 mA, 35 ms) associations at the 5th, 10th, and 15th min of a single 21-min training session. The pigeons in the shock group (SG; N = 7) received three shock-alone presentations, and the pigeons in the tone group (TG; N = 7) received three tone-alone presentations; the inter-stimulus interval was 5 min. Pigeons in the context group (CG; N = 6) were exposed to the training chamber without stimulus presentation. The naive pigeons (NG; N = 6) were taken to the laboratory, weighed and immediately returned to their home cage, without any exposure to the experimental chamber. These training sessions were conducted between 8:00 and 9:00 am. The behavior of the pigeons was observed by a trained observer who recorded the behavioral sequence using 30-s time-sampling intervals during the whole session. The freezing records were pooled in blocks of 180 s each (11) . The accumulated frequency of freezing during the first two blocks (initial blocks; the first 360 s) and the last two blocks (final blocks; the last 360 s) was used for the subsequent behavioral analysis. Between-group differences related to the occurrence of freezing were analyzed by two-way ANOVA, considering group (EG, SG, TG, and CG) and blocks (initial and final) as independent variables and mean number of freezing responses as the dependent variable. The Tukey-Kramer test was used for post hoc multiple comparisons.
One hour after the end of the experimental session, for the Zenk analyses, the pigeons were perfused with saline and 2% paraformaldehyde in 0.1 M phosphate buffer (PB) under ketamine (5 mg/100 g, im) and xylazine (2 mg/100 g, im) anesthesia. The brains were post-fixed in 4% paraformaldehyde for 4 h and subsequently stored in a 30% sucrose solution at 4°C for at least 48 h. The brains were then sectioned (30 µm) on a sliding microtome in the coronal plane. Sections were incubated with a rabbit polyclonal antibody against the Zenk protein (c-189; Santa Cruz Biotecnology, USA) diluted 1:1000 in PB containing 0.3% Triton X-100. Incubation with this primary antibody lasted 12-16 h at 22°. Following three 10-min washes in PB, the sections were incubated with a biotinylated goat anti-rabbit serum (Jackson Laboratories, USA) diluted 1:200 in PB with 0.3% Triton X-100 at 22°C for 1 h. Finally, the sections were incubated for 2 h with the avidin-biotinperoxidase complex (ABC Elite Kit; Vector Labs, USA). The reaction with 0.05% 3.3'-diaminobenzidine solution with 3 µL 0.01% H 2 O 2 for 5 min was intensified with 0.05% osmium tetroxide. The sections were mounted on gelatincoated glass slides, dehydrated in an ethanol series, and coverslipped with Permount (Fisher, USA). Sections from both brain hemispheres were examined under a light microscope. The immunoreactive neuronal nuclei expressed within the TnA were quantitated with the NIH Image software (13) . A threshold for stained cell counting was defined on the basis of background staining, and the cells exhibiting at least three times higher absorbance than the threshold were counted. The count was reported as the density of Zenk-positive nuclei (nuclei/mm 2 ). A minimum of four sections from each subject were examined.
The density of Zenk-positive nuclei computed for each group was compared by one-way ANOVA, considering the group (EG, SG, TG, CG, and NG) as the independent variable. The post hoc analyses were performed using the Tukey-Kramer test.
The experimental protocol was approved by the Ethics Committee for Animal Experimentation of Instituto de Biologia, UNICAMP, Brazil (Protocol #219-1).
Results
In Figure 1 , Panel A illustrates the freezing data for a pool of 30-s time-sampling intervals at the beginning (initial blocks, 360 s) and at the end (final blocks, 360 s) of the session. During the initial blocks in the training session, EG and SG animals presented a lower expression of freezing than they did in the final blocks of the session. Freezing was observed in the initial blocks of the TG session, although it decreased along the session. CG animals did not show freezing in any block analyzed. ANOVA confirmed a significant effect of group (F (3,22) = 22.26; P < 0.0001) and of block (F (3,22) = 15.79; P < 0.001) and a significant interaction between group and block (F (3,9) = 11.83; P < 0.0001). The post hoc multiple comparisons with the Tukey-Kramer test indicated that EG and SG were significantly different from TG and CG (P < 0.05) and that the occurrence of freezing in the final blocks of the training for EG and SG was significantly more frequent than that in the initial blocks of the four groups (EG, SG, TG, and CG) as well as than that in the final blocks of TG and CG (P < 0.05). However, at the beginning of the session the occurrence of freezing was similar for all groups (P > 0.05).
The data for Zenk protein expression (Figure 1 , Panel B) show that the training induced greater density of Zenkpositive cell in the TnA of EG, SG, and TG pigeons than in the TnA of CG and NG pigeons; moreover the density of Zenk-positive cells was greater for the TnA of the SG than for the other groups. One-way ANOVA confirmed a significant difference among groups, F (5,24) = 17.25; P < 0.1. Multiple post hoc comparisons (Tukey-Kramer's multiple-comparison test) indicated significant differences between the group stimulated with shock alone -SG -and 
Discussion
The present study shows that training with tone-shock pairings as well as with tone or shock presented alone triggered an enhanced expression of the Zenk protein in the TnA of pigeons. These data indicate an expression of Zenk that was driven by experience -that is, by the training conditions that were conducted for each group. Moreover, the different groups showed differences in the density of Zenk-positive nuclei, indicating that the type of training affected the activation of Zenk in the TnA. Additionally, the freezing behavior data showed that the presentation of an unconditioned aversive stimulus, whether in association with the tone (EG) or not (SG) induced an increase of freezing behavior during the session, whereas the presentation of tone alone resulted in a decrease in freezing during the session, as seen for TG pigeons. On the other hand, CG pigeons showed no freezing during exposure to the experimental chamber.
The fact that the TnA of SG pigeons, which received shock-alone stimulation, exhibited higher expression of Zenk compared to the other groups suggests that this area may be involved in the processing of aversive stimuli. Furthermore, the TnA may be also involved in the contingent relationship between context and shock, since the presentation of shock in a particular context establishes the condition for aversive contextual conditioning. The increase in freezing observed in SG supports this argument.
In rodents, context conditioning depends on complex hippocampal connections to the amygdala (4, 14) , suggesting that the amygdala has an important role in representing the value of a stimulus. This is in agreement with Campeau et al. (15) who reported elevated c-fos mRNA expression in the amygdala of rats induced by both unconditioned and conditioned fear. There are studies suggesting a reciprocal connection between the TnA and the hippocampal formation in birds, as in mammals, and that the primary target site of the projections from the TnA is the parahippocampal area, and not the hippocampus itself (7) .
In addition, discrete tone stimulation can have a novelty value and the exposure to such stimulation induced a high expression of Zenk in this group. Thus, the data suggest that the TnA may also be a critical element for processing of meaningful novel stimuli, a fact that seems to contrast with suggestions that the amygdala may function only in the learning of emotionally salient associations (16) . In fact, there are afferent projections reaching the TnA originating from the thalamic auditory nucleus ovoidalis shell and the nucleus subrotundus (17) , which may have been related to increased Zenk expression in TG animals. However, we do not have a complete knowledge about the intrinsic and extrinsic connections of the arcopallium neurons in birds, or about possible functional subdivisions of the TnA. Zenk expression in the TnA observed in the present study was greater for SG, EG and TG pigeons than for CG or NG pigeons, indicating that both paired and discrete tone and shock stimulation trigger neuronal responses in this brain area, which mediates changes in the regulation of gene expression. This is in agreement with evidence from research with rodents that has demonstrated that immediate-early genes like zenk (egr-1 or zif268) are increased in the amygdala nuclei (lateral, basal and central nuclei) that are known to be involved in fear conditioning, foot shock stress and novelty (18) .
In fact, to date most fear conditioning studies have involved rodents and have confirmed the critical role of the amygdaloid circuitry in processes of conditioning to discrete or paired stimuli (2) . Interestingly, the medial nucleus of the rodent amygdala does not appear to be involved in fear conditioning (19) . Additional studies will be necessary to better clarify the functional role played by the TnA in fear behavior and, particularly, whether different neuronal populations are involved in unconditioned and conditioned response to aversive/emotional stimuli.
